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Introduction
The factors that control the infection of crop plants by various micro organisms have been extensively investigated in the hope of being able to check infection by pathogens and of stimulating it in the case of symbiotic organisms. Most of these studies have been carried out with pure cultures, although in a state of nature the micro-organism attacks its host plant in the presence of, and often in competition with, other organisms which may belong to quite different groups or to strains closely related to itself. The [ 32 ] competition between different genera and species of pathogenic and saprophytic fungi in the soil has formed the subject of fruitful study. For references, see a review by Garrett (1939) .
Very little is known, however, about the intra-specific competition for infection that may take place when two or more related strains of a pathogenic or symbiotic organism are present, either simultaneously or in succession, in the surroundiflgs of their host plant. This type of competition, when it takes place between strains differing markedly in their effect on the host, must greatly influence the results of infection, and presents a problem of evident importance both to plant pathology and to the practical application of our knowledge of the symbiotic nodule bacteria.
It is a complex problem involving factors such as competition outside the host plant, as well as the relative infective virulence of the strain and the question of a possible acquired immunity developed by the host plant: factors which may operate independently or may interact.
The genus Rhizobium offers unique material for the investigation of competitive infection because infection is localized in the form of nodules, a count of which provides a simple measure of infectivity; because it is often relatively easy to identify the strain that has produced a given nodule, and because the host is not killed by the infection which can hence be studied over the full period of the plant's growth.
A field of research of considerable agricultural importance has been opened up by the discovery that certain strains of Rhizobium produce nodules that are almost wholly ineffective in benefiting their legume host plant. In particular, this discovery suggests a new application for the process of legume seed 'inoculation' with cultures of nodule bacteria. Hitherto this process has been mainly successful where a leguminous crop, often of comparatively recent introduction, was being grown in a soil otherwise lacking or deficient in bacteria capable of producing nodules upon its roots. However, soils are now known where a legume crop finds a predominant strain of Rhizobium which will produce nodules upon it but will not materially benefit its growth. In such soils it should be possible to use the inoculation process to supply the legume crop with an effective strain to replace the ineffective one that it will otherwise acquire from the soil.
But if this replacement is to be a success, the introduced beneficial strain must be capable of competing for nodule formation with the ineffective strain already present, probably in far greater numbers, in the soil. Our information about strain ' effectiveness ' will be of little use in extending the benefits of the inoculation technique to soil infested with ineffective strains until we have some understanding of the factors that control competition for nodule formation when two or more strains, both capable of forming nodules, are present in the root surroundings of the host plant.
The important effects of this competition upon the yield and nitrogen content of the host crop plant are well shown by some work carried out at Rothamsted with the ineffective ' Coryn ' strain which infects clover. This strain was isolated from stunted clover plants which characterized the pastures on Coryn Mountain in central Wales. Preliminary experiments with clover grown in pots of sand indicated that when this strain was present in the sand it reduced the growth of the plant even when effective strains were also present (see experiment 1). A search was therefore made for an effective strain capable of producing a good growth of clover in sand containing Coryn strain bacteria. A strain satisfactory in this respect was obtained from Professor Ch. Barthel, Central Agricultural Experiment Station, Stockholm, for whose kind assistance thanks are due. This strain is referred to below as strain A.
The following experiment illustrates the effect of the Coryn strain on the growth of clover in the presence of strain A and of a mixture of strains of clover Rhizobium, effective by themselves but liable to be suppr when in competition with the Coryn strain.
Experiment 1
Montgomery red clover was grown in glazed earthenware pots each containing 12 kg. of nitrogen-deficient sand. One litre of the following nutrient solution was added:
MgS04.7H20 0-5 g. CaS04.2HaO 0-3 g. NaCl 0-5 g.
0-3 g. Tap water
11.
All the pots received a mixed inoculum of efficient strains of clover nodule bacteria derived from Rothamsted soil.
The sand was not sterilized because it was hoped that wild strains of bacteria casually introduced might contain amongst them some that were capable of competing effectively with the Coryn strain. This hope was not realized, but later, a strain having this desirable character was isolated from Agdell Field, Rothamsted. This strain (labelled W) was included in experiment 2. Set 1 received only the wild local strains, set 2 received in addition a suspension of the Coryn strain, set 3 of strain A, and set 4 of both these strains in approximately equal numbers. These inocula were added to the food solution before it was added to the sand. Set 1 consisted of five and the remaining sets of fifteen replicate pots; each pot contained five plants. The seed was sown on 11 April. The resulting dry weights and nitrogen contents of the plants obtained after 14 weeks' growth, are shown in table 1. Competition between related strains of nodule bacteria 35 m e a n N c o n t e n t d r y o f p la n t s , w e ig h ts m e a n s 
15
m ix e d R o t h a m s t e d s t r a in s 21-89 ± 1-57 550 ± 4 0 -7 p lu s C o ry n s t r a i n a n d s t r a i n A The mixed local strains without further addition (set 1) produced a good growth of clover with a mean dry weight per pot of 28 g. containing 701 mg. of nitrogen. The addition of the Coryn strain to these mixed strains in set 2 reduced their effect so that the clover in set 2 gave a mean yield of 8*95 g. containing 218 mg. of nitrogen. But in the presence of strain A, the Coryn strain reduced the growth and nitrogen fixation to a very small though significant extent (set 4).
Experiment 2
The effects on the growth of red clover of the effective strains A, W and the Wisconsin strain 205 alone and in combination with the ineffective strains Coryn and Wisconsin strain 202 were tested in a pot experiment in nitrogen-deficient sand. The two Wisconsin strains used were amongst those employed by Dunham and Baldwin in their work on double inoculation (I93I ). The clover was grown in glazed earthenware pots containing 12 kg. of sand supplied with the same nutrient solution as was used in experiment 1. Sets of pots were supplied with each of the effective strains alone and in combination with each of the ineffective strains. Suspensions of the bacteria were added to the nutrient solution before pouring on to the sand. In the sets receiving two strains, approximately equal numbers of cells of each strain were mixed in suspension before addition to the sand. The sand was not sterilized because the previous experiment had shown that it did not contain strains capable of competing with the Coryn strain. Montgomery red clover was sown on 23 March and grown for 14 weeks. The dry weights and nitrogen contents then found are shown in table 2. The three effective strains produced a good growth of clover in the absence of the ineffective strains (sets 1-3). The normally effective strain 205 was almost incapable of supporting growth of the clover in the presence of the Coryn strain (set 6). The effect of strain 205 was also significantly reduced by the presence of the ineffective strain 202 (set 9). But the effects of the dominant and effective strains A and W were not significantly affected by the presence of the large inocula of Coryn or 202 added to the sand in sets 4, 5, 7, and 8. The results of these two experiments are most easily explained on the assumption that certain strains prevent or check nodule formation by other strains that are simultaneously present in the root surroundings. This check might be due either to competition between the strains outside the plant or to nodules first produced by one strain conferring an immunity in the plant against the entry of the other strain. Israilsky (1929) claimed that such an immunity could be induced.
Marie Lohnis (1930) made experiments with red clover inoculated with Wisconsin strains 205 and 202. She found that when the plants were supplied with one of these strains at sowing time, re-inoculation with the same or with the other strain after about a month's growth caused no significant increase in nodule numbers. She grew her plants in tubes of agar medium, under which conditions poor growth of the plant usually limits nodule numbers to a low figure which might well have been reached in month-old plants. Dunham and Baldwin (1931) made experiments with lucerne, clover, peas and soy beans, using, with each host plant, an effective and an ineffective strain of nodule organism, the two strains being applied to the same plants, in some sets simultaneously at sowing time, and in other sets in succession, one strain at sowing time and the other after an in terval of 4-6 weeks. After simultaneous inoculation, the two strains both usually produced nodules. With successive inoculation, in six sets out of eight the first-applied strain produced all the nodules that were tested, the remaining two sets giving nodules by both strains. In a second experiment using clover inoculated at sowing with strain 202 and after 56 days re inoculated with strain 205, the first strain contributed all of the 100 nodules tested.
This preponderating effect of the first-applied strain could, on the evidence, be explained by several hypotheses:
(а) The growth of the plant may have been slowed down to such an extent by the time the second inoculation was made that nodule formation by either strain had ceased.
(б) The first strain may have continued to produce nodules after the second inoculation but it may have immunized the plant specifically against the second strain. This explanation is the one favoured by the authors.
(c) The nodule-bearing capacity of the plant may have been satisfied by the first-applied strain so that, by the time of the second inoculation, few or no further nodules could be produced by either strain. Neither this nor explanation (a) is sufficient to explain the results of Dunham and Baldwin's second experiment with clover, where they refer to the formation of nodules on new roots. But either explanation might apply to their results with other plants.
(d) The first strain may have swamped the second strain and prevented its multiplication outside the plant. In this work the second strain wras poured on to the sand which already contained a presumably large popula tion of the first strain.
Competition between related strains o f nodule bacteria

F actors affecting the competition for nodule production BETWEEN STRAINS OF PEA AND SOY BEAN
Experiment 3 The following experiment was made in the hope of confirming some of Dunham and Baldwin's results and of testing the applicability of some of the explanations given above. Dwarf peas were grown in glazed earthen ware pots each containing 3 kg. of nitrogen-deficient silver sand and supplied with the same nutrient solution as was used in the first two experiments. The sand was rendered free from nodule bacteria by blowing steam for 30 min. through a hole in the base of the pot. The nutrient solution was sterilized and watering was carried out with boiled rain water.
Two strains of nodule bacteria were used in the experiment, the effective strain Wisconsin 310, used by Dunham and Baldwin in their experiment, and the ineffective strain B 33, also obtained from Wisconsin.* Set 1 received an inoculum of strain B 33 at the time of sowing, and was given a further heavy dose of the same strain when the plants were 6 weeks old. In set 3 the same strain was applied only after the peas had grown for 6 weeks without nodule bacteria.
Sets 4 and 6 were similarly inoculated with strain 310: set 4 receiving the bacteria both at sowing time and after 6 weeks, set 6 only after 6 weeks.
Set 2 received strain B 33 at sowing time and strain 310 after 6 weeks. Set 5 received strain 310 at sowing time and strain B 33 after 6 weeks.
Sets 7 and 8 received an inoculation of both strains applied simul taneously, suspensions of each strain containing approximately equal numbers of bacteria being mixed before application to the sand. In set 7 this mixture was applied both at sowing time and after 6 weeks and in set 8 only after 6 weeks.
An uninoculated control set was also included. The peas in this set re mained free from nodules.
The inocula were applied in the food solution. The pots were allowed to dry somewhat before adding the second inoculation, to ensure that it mixed well with the sand. Each set consisted of four replicate pots except sets 1 and 4 which consisted of six pots each, from two of which the plants were removed after 6 weeks and their nodules counted. Four peas were grown in each pot from externally sterilized seed. After 16 weeks growth, the remaining plants were removed from the pots and their nodules counted.
Cultures were isolated from sixty nodules, fifteen taken at random from each pot, in each set that had received both strains. The cultures thus isolated were identified as belonging to strain 310 or B 33 according to the appearance of their growth on yeast agar slopes, which is very distinct as between the two strains. From these identifications the percentage of nodules belonging to each strain were estimated. Table 3 . E xperiment 3. P eas grown in sand p e rc e n ta g e stra in s su p p lie d m e a n n u m b e r o f n o d u le s p e r p o t c o n ta in in g a f t e r a f t e r s t a n d a r d a f t e r s t a n d a r d s t r a i n s t r a i n s e t a t s o w in g The results of the experiment are set out in table 3. Sets 3 and 6, which were not inoculated until the plants were 6 weeks old, subsequently developed a mean of 266 and 306 nodules per pot respectively, thus showing that peas of this age were not too old to develop plenty of nodules.
Nodules produced during the first 6 weeks reduced the subsequent nodule formation from a re-inoculation made at this time. But this inhibition affected further nodule formation by the same strain as much as by a different strain. Thus strain B 33 produced 550 nodules per pot in the first 6 weeks (set 1) and the numbers found after, at 16th week, were not increased either by re-inoculation with the same strain (set 1) or by the other strain (set 2), though in the latter set a few nodules were produced by the second applied strain. Strain 310 produced 332 nodules per pot in the first 6 weeks. Re-inoculation with the same strain increased the mean number of nodules per pot by a further 85, developed between the 6th and the 16th week, resulting in a total of 417 nodules (set 4). But plants that bore no nodules during the first 6 weeks and were then supplied with strain 310, developed 306 nodules by the 16th week (set 6). Hence the presence of nodules during the first 6 weeks reduced the number of nodules sub sequently produced from 306 to 85. The nodules formed during the first 6 weeks by strain 310 had a similar effect in reducing subsequent nodule formation in plants re-inoculated with strain B 33 (set 5). The root system of the plant thus has only a limited capacity for producing nodules: this limit was reached within the first 6 weeks by plants supplied with strain B 33 but was not attained during this initial period by plants supplied with strain 310 (sets 1 and 4).
The final nodules produced in set 5 show an increase of 85 on the 332 nodules produced during the first 6 weeks by strain 310. This figure represents about 20% of the total 417 nodules produced during the whole growth period. Since 11-6 % of this total consisted of B 33 nodules, about half the nodules produced after the application of strain B 33 were due to this strain. Thus the experiment provides no evidence that the first-applied strain confers any specific immunity against subsequent nodule formation by a different strain. For, when strain B 33 was first applied (sets 1 and 2), the nodules formed during the first 6 weeks prevented any further increase in nodule numbers by either strain, while the lesser number of nodules produced by strain 310 within the first 6 weeks allowed an equal chance for further nodules to be produced by bacteria of strain 310, still present in the sand, or by those of strain B 33, subsequently added (set 5).
When the two strains were applied simultaneously in about equal numbers (sets 7 and 8) the ineffective strain B 33 dominated the nodule formation. This dominant strain also differed from strain 310 in that, when applied alone at sowing time, it enabled the plant to reach the limit of its nodule-producing power within the first 6 weeks (compare sets 1 and 4).
Experiment 4
Another pot experiment with peas was made to test the dominance of one strain over another when both were simultaneously applied. In this experiment, one set of four replicate pots was supplied with a mixed culture in about equal numbers of strains 310 and B 33, and another set with a mixture of strains 310 and 313, the latter being the ineffective strain which, together with strain 310, was employed in Dunham and Baldwin's work. The technique of this experiment was similar to the one above described. The plants were grown from 8 March till 12 June, when the nodules were counted and isolations of the bacteria were made from forty nodules of each set (ten per pot). The set given a mixed inoculum of strain 310 and B 33 produced a mean of 685 nodules per pot, 93 % of those tested containing strain B 33. The set given the mixture of strains 310 and 313 produced 703 nodules, strain 313 contributing 90 % of those tested. In these experiments with peas, two strains, both ineffective, in nitrogen fixation, were strikingly dominant as regards nodule production over the effective strain 310, when applied at the same time as the latter.
Experiment 5
An experiment on lines similar to experiment 3 was carried out with soy beans, which were grown in glazed earthenware pots each containing 12 kg. of nitrogen-deficient sand and supplied with 1 1. per pot of the same nutrient solution used in the previous experiments. The sand and nutrient solution were not sterilized, as it had been found that bacteria capable of producing nodules on soy beans were not naturally present in either. Two strains of nodule bacteria, both obtained from Wisconsin Agricultural Experiment Station, were used in this work; strain 501-an effective strain also used by Dunham and Baldwin (1931) -and the ineffective strain 507. The plant of the experiment was similar to that of experiment 3 except that the re-inoculations were carried out after 9 weeks' growth and that four instead of two additional pots inoculated at sowing time with each strain, were set up for the purpose of counting the nodules found at the time of the second inoculation. The remaining pots were kept on until the 16th week, when the nodules were counted and examined.
The nodules produced by the two bacterial strains 501 and 507 possess the fortunate character of being readily distinguishable from free-hand sections. Those produced by the effective strain 501 are soft in the centre, which is either dark red or olive green in colour; those produced by the ineffective strain 507 are hard in the centre, which is either white or very pale clear green. These differences are due to the different proportions of cells containing bacteria and of sterile starch-filled cells in the central tissue of the nodule (see Chen and Thornton 1940). Two hundred nodules produced by each strain in pure culture were cut across and every nodule could be correctly ascribed by this test to the strain which produced it.
At the conclusion of the experiment nodules were counted and about 100 nodules per pot were identified by free-hand sections. From these identifications the percentage of nodules produced by each strain was calculated for each of the sets with mixed inoculations. The results of this experiment are shown in table 4.
In this experiment, as in the last, the nodules produced on the young plants tended to inhibit the further formation of nodules by either strain. Strain 501 produced 247 nodules per pot by the 9th week; and re-inoculation by either strain at this time failed to cause any significant increase in nodule numbers by the 16th week (sets 1 and 2), although plants whose roots were nodule-free up to the 9th week and which were then supplied with strain 501 developed 229 nodules (set 3), and similar plants supplied at this time with strain 507 produced 159 nodules between the 9th and the
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16th week (set 6). Strain 507 produced 129 nodules by the 9th week: after re-inoculation with the same strain, plants in set 4 finally produced 191 nodules, an increase of 62 nodules developed between the 9th and the 16th week. The difference between this increase and the 159 nodules produced by this strain during the same period on sterile roots in set 6 is 97 + 27-18 and is quite significant. This experiment also failed to produce evidence that any greater immunity was conferred by the early nodules against a different strain subsequently applied, than against a further application of the same strain. In set 5, supplied with strain 507 at sowing time and with strain 501 after 9 weeks, the final nodule numbers, averaging 267 per pot, show an increase of 138 on the 129 nodules produced by strain 507 up to the time when strain 501 was applied. Thus, about 52% of the nodules found at the end of the experiment were produced after the second inoculation. Since 27 % of the total 267 nodules were of the 501 type, this strain must have contributed about half of the nodules produced since it was applied. So that in set 2, where strain 501 was first applied, the nodules produced in the first 9 weeks prevented further nodule production by either strain, while in set 5, where strain 507, applied at sowing time, did not reach the limit of nodule pro duction by the 9th week, the addition of strain 501 to the sand which still contained the first-applied strain 507, allowed each strain an equal chance to produce nodules.
When the two strains were applied simultaneously in about equal numbers (sets 7 and 8), one strain-in this case the effective strain 501-was dominant and produced 98 % of the nodules. The dominant strain again differed from the other in that, when applied alone at sowing time, it satisfied the nodule-producing power of the plant by the time of the second application of bacteria.
The conclusions derivable from these last two experiments are thus very consistent. In both of them one strain dominated the other when both were simultaneously applied. In both, the dominant strain, when applied at sowing time, had almost or quite satisfied the nodule-producing capacity of the plant before the time of the second application of culture, so that neither strain could produce further nodules. But when the dominant strain was applied second, to plants the limit of whose nodule-producing power was not reached, both strains had an equal opportunity to produce the remaining nodules.
The above experiments enable us to eliminate some of the possible explanations of Dunham and Baldwin's results, that were suggested and lettered above (p. 37):
(а) In our experiments, peas and soy beans first inoculated after 6 and 9 weeks respectively, produced plenty of nodules. The failure of the secondapplied strain to produce nodules thus cannot be due merely to the age of the plant, either in our experiments or, by inference, in the work of Dunham and Baldwin who applied the second strain to plants of about the same age.
(б) In our experiments the first-applied strain did not immunize the plant specifically against a different strain.
(c) The nodules developed on the young plant tended to inhibit further nodule formation, either by the same or by a different strain, because their numbers approached or even reached the limit set by the nodule-bearing capacity of the root system. This limit was sometimes reached by the time the second culture was applied and may thus explain the failure of Dunham and Baldwin's peas and soy beans to develop nodules from the secondapplied strain.
(d) When two strains are applied simultaneously in equal numbers to the surroundings of the root, it seems most unlikely that the almost com plete dominance of one of them, as found in experiments 3, 4 and 5, could have been due to the dominant strain saturating the root system with nodules before the other strain was able to infect the roots, unless com petition between the strains outside the plant enabled the dominant strain initially to repress the other in the root surroundings.
The following experiment was made in order to search for such a com petition in the sand surrounding the root system.
Experiment 6
For this experiment dwarf peas were used together with the effective strain 310 and the ineffective strain 313. Experiment 4 had shown that the latter strain was strongly dominant as regards nodule formation when both strains were simultaneously supplied to peas grown in sand. In the present experiment, dwarf peas were grown in quart milk bottles, each containing 800 g. of nitrogen-deficient sand mixed with 1 g. of precipitated chalk. The bottles of sand were stoppered with cotton-wool and sterilized in the autoclave for 1 hr. at 15 lb. pressure. 100 ml. of the same food solution as was employed in the previous experiments were added to each bottle. Twelve replicate bottles were supplied with a pure suspension of strain 310 and twelve with a pure suspension of strain 313, each strain at a concentration giving about 1,000,000 bacterial cells per gram of sand. Twenty-four bottles were supplied with a mixed suspension giving about 1,000,000 bacteria of each of the two strains per g. of sand.
The food solution was autoclaved and the appropriate bacterial suspension mixed with it before adding it to the bottles.
All these bottles were sown with peas at the rate of six per bottle. The seed was sterilized externally by immersion in absolute alcohol for 3 min. and in a 0-2 % aqueous solution of HgCl2 for a further 3 min. and washed in four changes of sterile water.
In addition to the above sets eight bottles were given a mixed inoculum of the two strains as already described but were not sown with peas.
The experiment was set up on 28 July and plate counts of the bacteria in the sand were made from the bottles sown with peas at the beginning and after 7, 16, 22, 29 and 60 days, and from the bottles without peas after 7, 16, 22 and 60 days. On each occasion duplicate bottles were sampled from the sets given pure cultures and from those without peas, and four replicate bottles from the set given a mixed inoculum and sown with peas. About 50 g. of sand were removed from each bottle into a sterile petri dish and well mixed with a flamed spatula. From this platings at several dilu tions were made on yeast agar.*
The surface colonies of strains 310 and 313 are distinguishable, the former producing opaque white and the latter thin watery colonies. It was there- T a p w a te r 9 00 m l.
N a C l 0-2 g. C a C 0 3 3 0 g. fore possible to make separate counts of the surface colonies of each strain in platings of a mixed culture. In order to make this separation possible, counts of colonies in all sets were limited to surface colonies. The bacterial numbers calculated were therefore too low but relatively correct. F ig u r e 1. G r o w th o f p e a n o d u le b a c t e r i a in s a n d w ith a n d w i t h o u t p l a n t s ( e x p e r im e n t 6 ).
The results of this experiment are graphically shown in figure 1, in which counts from each strain growing alone and in mixture with the other, are separately plotted. In the sets containing growing peas, counts made after 7 days showed a large rise in the numbers of strain 313 both in pure and in mixed culture. The numbers had fallen by the 16th day after which they remained fairly steady. The presence of strain 310 slightly decreased the numbers of strain 313 as compared with those reached by the latter in pure culture. In the presence of the plants, strain 310 in pure culture grew at first much more slowly but showed a steady increase up to the 29th day. But in mixed culture the increase of strain 310 was entirely prevented by competition with the faster-growing dominant strain 313. The percentage of the mixture composed of strain 313 varied at different times, but the mean percentage over the run of the experiment was 88-4. The proportion of the two strains in the sand in the presence of the plant is therefore in good agreement with that of the nodules developed by each from a mixture of these two strains applied to the plant in experiment 4, where 90 % of the nodules contained strain 313. This suggests that the two strains, when in contact with the root, have an equal chance of infecting the plant, the relative number of nodules developed by each strain being an expression of the proportions of the two strains in the sand surrounding the roots, a proportion resulting from competition between them.
The complete suppression of growth of strain 310 by the dominant strain 313 would seem to be related to the early rapid growth of the latter strain. Hence when a normally dominant strain is applied some weeks after the other strain to root surroundings already populated by the latter, the dominance should not show itself. This conclusion was borne out by experiments 3 and 5. In set 5 of experiment 3 strain 310 was applied at sowing time and strain B 33 after 6 weeks. The two strains contributed about equally in producing the nodules that subsequently developed; although strain B 33 is strikingly dominant when applied simultaneously with strain 310 (sets 7 and 8, experiment 3). A similar phenomenon appears in the soy bean (experiment 5).
The early rapid growth of the dominant strain also offers an explanation for the early saturation of the nodule-producing power of the plant by dominant strains when applied at sowing time; this holds for both peas (experiment 3) and soy beans (experiment 5).
In the set without peas in the present experiment the number of bacteria of either strain did not rise above the 4 millions per g. of sand at any time of sampling and there was in consequence no evidence of any competition between the strains. The rapid increase in strain 313, and its inhibiting effect on strain 310, are thus related to the presence of the plant's roots, although taking place outside them. The experiment indicates that the roots secrete an energy source or an accessory growth substance that stimulates the growth of both strains but especially that of strain 313. An experiment was therefore made to test the effect of replacing the root secretions by a pure carbohydrate as energy source.
Experiment 7
The same method was, in general, followed in this as in the last experi ment, save that no peas were grown in any set. Twenty-eight bottles received the basal food solution without carbohydrate and twenty-eight a further addition of 0*2 % sucrose. Eight bottles of each medium were given a suspension of strain 310, eight bottles received a suspension of strain 313 and the remaining twelve bottles a mixture of the two strains. The cultures were applied at a concentration giving about one million bacteria of each strain per g. of sand. Plate counts of the two strains were made at the start and after 4, 6 and 13 days using the method described for experiment 6. Counts of the pure cultures were made on each occasion from duplicate bottles and of the mixed cultures from triplicate bottles. The results are shown in figure 2. In the bottles without either plants or added energy supply, the number of cells of either strain, alone or in mixture, did not rise above 5-1 millions per g. and there was no evidence of competition between the two strains. This is in agreement with the behaviour of the similar sets in the last experiment. In the presence of sugar, strain 313 when in pure culture rose to 28 millions in 4 days, after which its numbers fell to 17-3 millions by the 13th day. In the presence of the other strain the numbers of strain 313 rose to 19*1 millions by the 4th day. Strain 310 when in pure culture grew much more slowly, reaching only 10-1 millions by the 4th day, and there after rising steadily to 27-5 millions by the 13th day. In mixture with the dominant strain 313, the growth of strain 310 was again severely checked, the numbers of this strain never rising above 3-6 millions.
The course of growth of the two strains in this set with added dextrose closely resembles that found in the last experiment when pea roots were growing in the sand. We have in both cases the same rapid rise in numbers of the dominant strain whether grown alone or in mixture, and the slower growth of strain 310, which is almost inhibited by the presence of strain 313.
The experiments described above suggest the following explanation of the behaviour of two strains, one dominant over the other, as exemplified by the pea nodule strains here studied.
The plant's root system secretes substances that stimulate the multi plication of nodule bacteria in the root surroundings, but the rate of multiplication thus induced differs greatly with different strains. A strain which at first multiplies rapidly under these conditions will quickly satisfy the nodule-producing power of the plant and prevent the further nodules being formed either by itself or by any other strain supplied later.
When a strain that multiplies more slowly at first is applied in pure culture at sowing time, it will take longer to reach the limit of nodule GROWTH W ITH SUCROSE GROWTH WITHOUT SUCROSE stra in 310 a lo n e . ................ . s tr a in 313 alone * F ig u r e 2. G r o w t h o f p e a n o d u le b a c t e r i a in s a n d w i t h o u t p la n t s ( e x p e r im e n t 7).
production, so that further nodules may be produced by a different strain later applied.
When two strains with different multiplication rates are supplied together, the strain that multiplies more rapidly at first will compete with, and suppress the growth of, the other strain, and will largely prevent it from forming nodules.
F actors affecting the competition for nodule production BETWEEN STRAINS OF CLOVER R h IZ O B IU M
In the experiments with peas and soy beans, a limit to the nodule-bearing power of the root at a fairly young stage of the plant was an important factor, which was sufficient to explain the high percentage of nodules produced by the first-applied strain in sets receiving successive inoculation with two strains, and wffiich must have increased the importance of early competition outside the roots between two strains, both supplied together at sowing time.
This early limitation would seem to be connected with the short life of the pea and soy bean, whose root systems make a large part of their growth within the first 6 weeks. In clover, the root system grows comparatively slowly at first but continues its growth for a long period. In this plant therefore no early limitation to the number of nodules is to be expected.
The following experiment was made in 1939 to determine whether, in the clover plant, the first-formed nodules exerted any inhibiting effect on the further production of nodules by the same or by a different strain.
Experiment 8
Red clover was sown in quart milk bottles each containing sand and 100 ml. of the following food solution: Six replicate bottles were inoculated with strain A, six with the Coryn strain and eight were left uninoculated. The seed was sown on 26 July and on 7 September the plants were removed, their roots washed in sterile water and the nodules counted. The sand from the bottles supplied with the two strains was placed in separate earthenware pans, four pans containing sand infected with each strain. The seedlings were then replanted in these pans so that each pan contained two plants bearing nodules produced by each strain, and two plants without nodules at the time of transplanting. After 2 months' further growth the plants were removed and their roots examined. Some of the plants died, the numbers that survived being shown in table 5.
The check due to planting out had produced a local thickening on each root, which made it easy to determine what portion had grown since then. This callus formation enabled a distinction to be drawn between the nodules
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formed on the old roots, and those produced on the new roots and hence undoubtedly due to fresh infections from the sand. The results are shown in table 5. m e a n n o . o f n o d u le s w h e n t r a n s s t a n d a r d fin a l n o d u le s t a n d a r d n o . o f n o d u le s o n n e w s t a n d a r d s e t p l a n t s s t r a i n p l a n t
T r a n s p l a n t e d i n t o s a n d c o n ta i n in g t h e C o ry n s t r a i n T r a n s p l a n t e d in t o s a n d c o n ta i n in g s t r a i n A ± 1 6 -6 ± 11*3 ± 1 3 -6
± 5-7 ± 1 0 -4 ± 8-9
The number of nodules produced on the new roots has been quite unaffected by the presence of nodules at the time of transplanting. These first-formed nodules have not checked the further development of nodules either by the same or a different strain. There is, on the other hand, a characteristic difference in the number of nodules produced on the new roots by the two strains. The plants growing in pans containing Coryn bacteria developed a mean of 73-4 nodules per plant on the new roots, those in pans containing strain 205, a mean of only 39*9 nodules.
There are, indeed, great differences in the rates of nodule production on clover by different bacterial strains. Three strains were used in the next part of the work, namely, the effective strains 205 and A and the ineffective Coryn strain. The rates of nodule production on red clover seedlings grown on agar slopes* and supplied with each of these three strains are shown graphically in figure 3 . Each strain gives a characteristic curve. Coryn produces a few nodules between the 10th and 20th day and thereafter there is a rapid increase in the number of nodules produced. Strain A begins to produce a few nodules at the same time as Coryn but nodule production thereafter is much slower. Strain 205 does not produce its first nodules until about 10 days after the other two strains have done so, but later the number of nodules formed by this strain increases at about the same rate as do those of strain A. Since in clover the number of nodules is not determined by the establishment of a limit to further infection in the early stages of the plants' growth, their number will be dependent on the specific infectivity of the strain forming them.* Hence, when equal numbers of two strains are simultaneously applied to the root surroundings, the number of Competition between related strains of nodule bacteria 51 d a y s a f te r sow ing F ig u r e 3. R a te o f a p p e a ra n c e o f clo v er n o d u le s in a g a r c u ltu re .
nodules due to each strain in the mixture should be proportionate to the numbers produced by each strain in pure culture, unless some other factor such as competition outside the root interferes.
The following experiment was made to measure the proportion of nodules produced by each strain when bacteria of two strains were simultaneously applied to the root surroundings in about equal numbers. Two such pairs of strains were tested, namely, Coryn with 205 and Coryn with A. These two pairs were chosen because experiment 2 had shown that the ineffective strain Coryn depressed the growth and nitrogen fixation otherwise produced by strain 205 but was without effect on the action of strain A. The bottles with sand were sterilized for 1 hr. and the food solution for 15 min. at 15 lb. pressure before addition to the bottles. The bottles were inoculated according to the following plan, the bacterial suspension being added to the food solution in such a manner that all sets were given about equal total numbers of bacteria and those treated with a mixed inoculum received about equal numbers of each strain. About fifteen seeds, externally sterilized with absolute alcohol and HgCl2, were sown in each bottle on the surface of the sand. After 3 months' growth the clover roots were washed, the nodules counted and the lengths of a number of nodules, varying from 30 to 100 per bottle according to the strain, were measured. In the sets given double inoculations the percentages of nodules containing each strain were estimated from tests made on cultures isolated from nodules taken at random, and these estimates were checked by the frequency distribution of nodule lengths, as described below. The experiment falls naturally into two parts, that dealing with the interaction of strains Coryn and 205 and that dealing with the interaction of Coryn with strain A. These will be separately considered.
The Coryn strain is difficult to distinguish in vitro from strain 205 owing to its close similarity in growth and in physiology. It can, however, be distinguished in the plant by three characters: (a) nodule formation on the seedling grown in agar commences about 10 days later with strain 205 than with the Coryn strain (see figure 3) ; ( ) 205 nodules, when they reach a certain size, are usually of a distinct pink shade; (c) Coryn nodules have a much smaller mean length than those produced by strain 205.
Cultures were isolated from 130 nodules (about 16 per bottle) taken at random from plants of set 2, that were given the mixed inoculum of strains 205 and Coryn. These were supplied to red clover seedlings grown in an agar medium having the following composition:
Ca3 ( The time of appearance of the first nodule was noted and, after further growth, the presence or absence of pink coloration in the larger nodules was noted. These two tests were in good agreement and indicated that 89-3% of the cultures were of the Coryn strain. The number of nodules per plant grown in the milk bottles, and their mean lengths, are shown in table 6 . The nodule lengths provide a check on the estimate of the composition of the mixed set formed from the figure 4 shows the expected frequency curve obtained by this calculation together with the distribution actually observed. Both these curves closely resemble that derived from the pure Coryn strain.
F r e q u e n c ie s o b s e r v e d in s e ts 1 a n d 3, o n p l a n t s s u p p lie d w ith s t r a i n s 2 0 5 a n d C o ry n in p u r e c u lt u r e F r e q u e n c ie s o b s e r v e d in s e t 2, a n d e x p e c te d o n p l a n t s b e a r in g 89-3 % C o ry n a n d 10-7 % 205 n o d u le s 0-25 0-5 n o d u le le n g t h in m m .
F ig u r e 4. F r e q u e n c y d i s tr i b u ti o n s o f n o d u le le n g t h in e x p e r im e n t 9, s e ts 1, 2 a n d 3.
The large percentage of Coryn nodules in the set supplied with a mixture in about equal numbers of the two strains can largely be accounted for by the very different nodule numbers characteristic of each strain in pure culture, and due to the different degrees of infectivity. Strain 205 by itself produced 16 nodules per plant in set 1 while the Coryn strain produced 64 in set 3. The figures are in a ratio of 1 : 4. If each strain in the mixture had an equal opportunity to produce its characteristic degree of infection, the numbers of nodules produced by the two strains should be in this proportion, which would give 80 % Coryn nodules in the mixture. The difference between this figure and the percentage 89*3 actually found in set 2 leaves very little to be accounted for by selective competition between the strains either outside or within the plant.
The data obtained with strains A and Coryn are set out in table 7. 3 m e a n n o d u le n u m b e r s n o . o f s t r a in s p e r s t a n d a r d p la n t s s u p p lie d p l a n t e r r o r s The nodules produced by these two strains are distinguishable by the following characters, (a) Strain A seldom produces more than ten nodules per plant on red clover seedlings grown for 1 month in agar, while Coryn seldom produces less than fifteen. (
b) The nodules of 1 mm. long are nearly always coloured pink, (c) There is again a marked difference in mean nodule length between the two strains.
Cultures were isolated from 140 nodules taken at random from the set given a mixed inoculum of strains A and Coryn. These cultures were tested on red clover seedlings grown in agar medium. After 1 month's growth the nodules were counted and the isolations were classified according to the number of nodules per plant and the presence or absence of pink pigment. These tests indicated that 92*1 % of the nodules tested contained strain A. This estimate can again be checked by the lengths of nodules in the bottles (see table 7 ). The mean nodule lengths found in bottles supplied with a pure culture of strains A and Coryn was 1-09 and 0-46 respectively (sets 3 and 4). Hence a mixture of the two strains containing 92-1% of strain A nodules should have a mean length of 1*043 mm. The figure actually obtained from 278 nodules taken from the bottles in set 5 given the mixed inoculum was 1*075 mm. The frequency distributions of nodule lengths of Coryn and strain A are again characteristic. They are shown in figure 5.
From these can be calculated the distribution of nodule lengths expected in a mixture of 92-1 % A and 7-9 % Coryn nodules. This expected distribu tion and that actually obtained from the mixed set are compared in the lower diagram in this figure. F r e q u e n c ie s o b s e r v e d in s e ts 3 a n d 4, o n p la n t s s u p p lie d w ith s t r a in s A a n d C o ry n in p u r e c u ltu r e F r e q u e n c ie s o b s e r v e d in s e t 5, a n d e x p e c t e d o n p l a n t s b e a r i n g 92-1 % A a n d 7 -9 % C o r y n n o d u le s F ig u r e 5. F r e q u e n c y d is tr i b u ti o n s o f n o d u le le n g th s in e x p e r im e n t 9 , s e ts 3, 4 a n d 5.
The interaction of strain A with the Coryn strain is in marked contrast with that of strain 205. The mean number of nodules per plant produced by strain A in pure culture was 11 (set 4), while Coryn produced 64 nodules (set 3). These figures are in the ratio of 1 : 5-68, so that if the strains did not interfere with each other but each had an equal chance to produce its characteristic degree of infection, a mixture in equal numbers of the two strains, as was supplied in set 5, should bear nodules of which 85 % should be produced by the Coryn strain. In fact only 7-9 % were found to contain Coryn. That this is due to an inhibition of the Coryn strain and not to a stimulation of nodule production by strain A is shown by the small number of nodules per plant (17) produced in the mixed set 5. This is only slightly higher than the number (11) produced by strain A in pure culture.
In experiment 8, plants bearing strain A nodules and transplanted, after washing their roots, into sand containing only Coryn bacteria, subsequently produced as many nodules as did plants that were without nodules at the time of transplanting. Hence the repression of Coryn nodules by strain A in the present experiment cannot be due either to satisfaction of the nodule-bearing capacity of the plant by strain A or to the establishment by it of a specific immunity against infection by the Coryn strain. It can thus be accounted for only through competition between the two strains outside the plant. The different results of the two experiments are associated with the fact that in experiment 8 the two strains were applied in succession whereas in this experiment they were present simultaneously in the sand, initially in equal numbers, so that competition outside the plant could take place.
In the case of pea nodule bacteria the dominance in strain 313 in com petition with strain 310 was attributed to the more rapid early growth of the former strain. It was therefore to be expected that strain A would also multiply more rapidly than the Coryn strain in the sand surrounding clover roots. The following experiment was made to see whether this was so.
Experiment 10 Pure cultures of strain A and of the Coryn strain were grown in quart milk bottles containing washed sand, using the same technique and the same food solution as in experiment 6. In making the inoculations, a suspension of each strain was counted on a haemocytometer and the two suspensions were standardized so as to contain equal numbers of bacteria. An equal volume of suspension was added to each bottle. Nine replicate bottles were supplied with each strain and all were sown with externally sterilized red clover seed at the rate of about twenty seeds per bottle, on 20 February.
Plate counts on yeast agar were made of the suspensions at the start and from samples of the sand taken from triplicate bottles, after 9, 14 and 18 days. The results are shown in figure 6 . By the 9th day the clover seedlings had their first true leaves open and had begun to develop nodules. By this time the numbers of the dominant strain A in the sand were about double those of the Coryn strain. Thus the strain dominant as regards nodule formation is again, as in pea nodule bacteria, characterized by a more rapid multiplication in the root surroundings than the strain against which it competes with success.
F ig u r e 6. G r o w th o f s t r a i n s A a n d C o r y n in s a n d s u r r o u n d in g c lo v e r ro o ts ( e x p e r im e n t 1 0).
Conclusion
The effect of dominance in competition outside the root system would seem to be of paramount importance in determining which of two strains shall contribute most to the production of nodules when both are present in the surroundings of their host root system. This competition, when it occurs, masks the influence of the relative infectivity of the two strains, and shows its effect regardless of whether the first-formed nodules inhibit later ones, since this inhibition is not selective in its action.
There is need for further research on the ecology of nodule bacteria in the surroundings of legume roots. The behaviour of mixed cultures of two or more strains in this environment affords an almost untouched field for work.* In preparing cultures for commercial distribution, it becomes of * A m o n g s t t h e p o in t s t h a t n e e d in v e s tig a tio n is t h e in flu e n c e o f b a c te r io p h a g e o n s t r a i n c o m p e titio n . T h e c u lt u r e s u s e d in t h e p r e s e n t w o rk w e re te s te d fo r b a c te r io p h a g e w ith n e g a tiv e r e s u lts . B u t t h e e q u ilib r iu m b e tw e e n s t r a in s g ro w in g in m i x tu r e m i g h t w e ll b e d is tu r b e d b y t h e p re s e n c e o f a b a c te r io p h a g e c a p a b le o f a tt a c k in g o n e o f th e m . practical importance to choose strains that can not only produce nodules beneficial to their host plant, but are also doiliinant in competition with other strains. The association of this dominance with a high initial growthrate in sand supplied with an energy source, suggests a convenient laboratory method for assessing the ability of a strain to compete with others.
The intense competition that takes place between closely related strains of bacteria may well have a wider importance, in its application to patho genic organisms. The work of Greenwood, Bradford Hill, Topley and Wilson (1936) on mouse epidemics has emphasized the distinction between the infectivity and the virulence of pathogenic strains. In , Chen and Thornton (1940) have produced evidence that the quantity of nitrogen fixed by a nodule is a function of the growth of the bacteria within it. This is a strain character analogous to virulence in a pathogenic organism. Strains also differ specifically in the number of nodules that they produce, that is, in their infectivity. The present work introduces the further concept of dominance in competition between strains before infection occurs. This competition can be compared with the intra-specific selection that takes place in higher organisms and may well be more acute than competition between more distantly related micro-organisms whose environmental requirements are more dissimilar.
